With the goal of functionalizing carbon nanotubes for possible applications in biological and biomedical environments, we investigated the interactions between perfect and defective single walled carbon nanotubes (SWCNTs) and phosphate groups using density functional theory (DFT). The phosphate groups included phosphoric acid (H 3 PO 4 ) and dihydrogen phosphate (H 2 PO 4 ). Defects included monovacancy, divacancy, and Stone-Wales (SW) defects. Our results revealed that with H 3 PO 4 , functionalization occurs by an electrostatic interaction, and no significant changes were observed in the band structures or in the band gap. With H 2 PO 4 , functionalization occurs through C-O interaction, and is mainly favored in the presence of a monovacancy or SW defect. With a monovancy defect, the nanotube preserves its sp 2 hybridization, whereas with divacancy and SW defects, local sp 3 hybridization occurs. Functionalization with H 2 PO 4 resulted in changes in the band structures and the band gap of perfect and defective (10, 0) SWCNTs. These changes are caused by electronic localization states on the Fermi level, but the semiconductor behavior of nanotubes is preserved.
INTRODUCTION
Carbon nanotubes (CNTs) are nanomaterials with a broad spectrum of applications in the fields of electronics, material science, biology and biomedicine due to their unique mechanical, thermal, optical, electrical, and chemical characteristics. [1] [2] [3] Most of these applications require CNTs to be functionalized to increase their solubility in aqueous or organic solvents, reduce their tendency to form agglomerates, decrease their cytotoxicity, and improve their biocompatibility. [4] [5] [6] Functionalization makes it possible to link different molecules on the surface of CNTs via adsorption, electrostatic interaction, or covalent bonding. This process enables CNTs to be used in a variety of biomedical applications, including biosensors, cancer treatment, cardiac autonomic regulation, tissue regeneration, and delivery of drugs, growth factors and genes. [7] [8] [9] [10] Theoretical and experimental studies have investigated functionalization of CNTs. Most theoretical studies have focused on evaluating electronic and structural changes after functionalization. Density functional theory (DFT) has been used to study the covalent sidewall functionalization of metallic and semiconducting perfect single-walled * Author to whom correspondence should be addressed.
carbon nanotubes (SWCNTs) with carboxylic, amine, and hydroxyl groups. 11 The results of these calculations indicate that functionalization at the sidewall and charge transfer between the nanotube and functional groups leads to significant changes in the electronic properties of SWCNTs. As a consequence, metallic tubes become semiconductors, and vice versa. 11 Additionally, experimental and theoretical studies have demonstrated that defects such as vacancies, Stone-Wales defects, and octagon-pentagon pair defects, among others, can be very useful in the functionalization of CNTs. [12] [13] [14] Experimental studies have focused on surfactants, 8 polymers and copolymers, 8, 15 and other functional groups such as carboxylic, hydroxyl, alkyl, and amine. 5, 16 In a recent study, multi walled carbon nanotubes (MWCNTs) were functionalized with phosphate esters to improve their physicochemical stability. 6 Although the authors did not focus on biological or biomedical fields, CNTs functionalized with phosphate could be considered for applications in these fields. Phosphate is one of the most common functional groups in organic molecules; it is found in DNA, RNA and in certain lipids, and is involved in the biological storage and release of energy. Phosphate is also implicated in important biological interactions, such as protein-DNA interactions, through salt bridge formation between DNA phosphate and positively charged protein residues. 17 To date, no theoretical studies have explored CNT functionalization with phosphate. Given the important role played by phosphate in biological systems, interactions between CNT and phosphate should be explored. Therefore, we studied interactions between perfect and defective (10, 0) SWCNTs and phosphoric acid (H 3 PO 4 ) or dihydrogen phosphate (H 2 PO 4 ), using first-principles calculations. The systems were fully relaxed, and their binding energies were calculated. We analyzed the structural, electronic and chemical changes produced in SWCNTs after interaction with a phosphate group. The results demostrated that functionalization with H 3 PO 4 occurs by an electrostatic interaction, whereas with H 2 PO 4 , functionalization has a covalent character and is favored in the presence of defects in nanotubes.
COMPUTATIONAL DETAILS
To study the functionalization of CNTs with H 3 PO 4 or H 2 PO 4 , we selected a (10, 0) SWCNT, which is a widely studied semiconductor nanotube. 13, [18] [19] [20] A perfect SWCNT and defective SWCNTs were built using a supercell of 160 atoms, with four unit cells of the (10, 0) nanotube (40 atoms per unit cell) and a lateral vacuum higher than 13 Å to ensure negligible interactions between H 3 PO 4 or H 2 PO 4 and their respective periodical images. The cell sizes of perfect and defective nanotubes were optimized before inserting a phosphate group.
Electronic calculations were performed using DFT, as implemented in the periodic plane wave Vienna Ab Initio Simulation Package (VASP). 21, 22 A Perdew-BurkeErnzerhof (PBE) exchange-correlation functional 23 and a cutoff energy of 500 eV were used. A periodic boundary condition was applied along the nanotube axis. For relaxation calculations, a 1 × 1 × 10 gamma-centered grid was used to sample the Brillouin zone, and a 1 × 1 × 20 was used to estimate band structures and electron localization function (ELF). All systems were relaxed using conjugate gradient minimization until the maximum force was less than 0.01 eV/Å. Charge transfer was determined using Bader analysis. 24, 25 Binding energy (E b ) was calculated using the following equation:
where E SWCNT-Phosphate is the total energy of the (SWCNTPhosphate) complex, and E SWCNT and E Phosphate are the energy of an isolated SWCNT and a phosphate group (H 3 PO 4 or H 2 PO 4 ) respectively.
RESULTS AND DISCUSSION
3.1. Adsorption of H 3 PO 4 on the Perfect Nanotube Sidewall To study how H 3 PO 4 interacts with a perfect SWCNT through the hydrogen bond, we considered two orientations of this molecule. As shown in Figure 1 , the difference between the orientations is the position of the oxygen atoms of H 3 PO 4 with respect to the carbon atoms of the nanotube. In Orientation A (OA), oxygen atoms are located closer to the sidewall of the carbon nanotube compared with Orientation B (OB).
We evaluated three hydrogen atom positions with respect to the SWCNT for each orientation: Configuration 1: H located at the top of the SWCNT (Fig. 2(a) ); Configuration 2: H in the hollow site above the center of a hexagon ( Fig. 2(b) ); and Configuration 3: H between two C atoms of the SWCNT ( Fig. 2(c) ).
We performed geometrical relaxation considering both correction for dispersion according to the Grimme's D2 scheme, 26 and no correction. For a perfect (10, 0) SWCNT interacting with H 3 PO 4 , no changes were observed in the geometry of the nanotube after structural relaxation. As shown in Table I , for both orientations, the C-H bond length was longer than typical, but shorter than the sum of Van der Waals radii for C-H. This finding indicates the presence of a weak interaction between the carbon atom of the nanotube and the hydrogen atom of the H 3 PO 4 . Additionally, the C-H bond length obtained when we corrected for dispersion was equal or nearly equal to that without correction. Therefore, the following analysis focused on configurations without considering correction by dispersion.
According to the E b values listed in Table II , in both orientations, the order of stability is as follows: Configuration 1 > Configuration 3 > Configuration 2. For Configuration 1, OB can be considered more stable than OA because there is a difference of 0.3 eV in the binding energy values. This finding can be attributed to the fact that the oxygen atoms are located farther from the nanotube sidewall in OB than in OA. Therefore, electron repulsion could be weaker.
We also determined band gap (E g ) values. For a perfect nanotube, E g was 0.75 eV, consistent with the results of other theoretical studies. 12 approximately equal to the band gap of the perfect nanotube (pristine). According to the results of the Bader analysis (see Table III ), phosphorus and hydrogen atoms donate electrons to the oxygen atom. A very slight charge transfer also occurred from the hydrogen to the carbon atom. As consequence, hydrogen was positively charged and interacted with the negative charge on the surface of the nanotubes through an electrostatic interaction.
Adsorption of H 2 PO 4 on the Perfect
Nanotube Sidewall We studied the orientation shown in Figure 4 to evaluate possible interactions between an oxygen atom of In the presence of H 2 PO 4 , slight displacement ocurred in carbon atoms outside the nanotube surface in Configurations 1 and 3 after geometrical relaxation, as shown in Figures 5(a and c) . For both Configurations 1 and 3, the C-C distance between the outside carbon atom and its three nearest neighbors on the nanotube was 1.49 Å. This distance is closer to the C-C distance in the sp 3 -hybridized diamond phase of 1.54 Å. 30 In contrast, for Configuration 2, the diameter near the contact zone between the nanotube and H 2 PO 4 was reduced, as shown in Figure 5(b) .
As shown in Table IV , the final position and orientation of the H 2 PO 4 differed among the three configurations. For Configurations 1 and 3, the C-O bond lengths were close to typical, so bond formation could be expected. In contrast, the C-O bond length in Configuration 2 was longer than typical, but did not exceed the sum of Van der Waals radii for C-O, so a weak interaction might have been present.
Based on the final position of oxygen in contact with the nanotube sidewall and on the E b results, it was determined that oxygen tends to be located at the top of the carbon. This finding explains why Configuration 1 is the most stable. The stability order was equal to that obtained for H 3 PO 4 , as can be deduced from the E b values listed in Table V . Configuration 1 yielded a lower E b than the corresponding value reported for a carboxyl group. 13 This finding suggests that functionalization of CNTs with phosphate can be achieved.
In the presence of H 2 PO 4 , the E g decreased, but the perfect nanotube preserved its semiconducting behavior. Some changes in the valence band were observed in all three configurations. In general, the energy levels located near the Fermi level in both valence and conduction band split, and a localized state appeared at the Fermi level. For Configurations 1 and 2, a band appeared at the Fermi level and was half filled, as shown in Figures 6(a and b) . For Configuration 2, the upper band moved up until it reached the Fermi level. For Configuration 3, the band was fully located at the Fermi level, as shown in Figure 6 (c), indicating a highly localized state.
The charge values, listed in Table V , reveal electron transfer from the carbon atoms of the nanotube to the oxygen atom of the H 2 PO 4 . These results are consistent with ELF isosurfaces. In Configurations 1 and 3, an unequal distribution of electron cloud was observed between carbon and oxygen atoms. As shown in Figures 7(a and c) , it was located closer to the oxygen atom, indicating the bond had some ionic characteristics. For Configuration 2, electron transfer was very low, indicating that electrons were not shared between these atoms ( Fig. 7(b) ).
Adsorption of H 2 PO 4 on the Defective
Nanotube Sidewall We evaluated the following defects: a monovacancy (1V), a divacancy (2V) obtained by removing two adjacent C
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Torres et al. atoms along the nanotube axis, and a Stone-Wales (SW) defect. As shown in Table VI , the C-O bond length was close to typical for the three defective nanotubes. Therefore, we can conclude that a bond was established. Some structural changes were observed after relaxation of a (10, 0) SWCNT with mono or divacancy, as shown in Figure 8 . We found that in a nanotube with a monovacancy, carbon atoms self-reconstructed around the defect. Two carbon atoms containing a spin rehybridized, and a pentagonal ring was formed. The other carbon atom remained doubly coordinated and was projected slightly off the nanotube surface ( Fig. 8(a) ). For a nanotube with a monovacany, all carbon atoms preserved their hybridization sp 2 Self-healing by spontaneous reconstruction was also observed in the case of divacancy (Fig. 8(b) ). The two pairs of coordinated carbon atoms closed to form an octagon and two pentagonal rings in opposite directions, avoiding dangling bonds. These results were consistent with previous research. 28, 29, 31 A peculiarity was observed for the divacancy and the SW defect in presence of H 2 PO 4 . For both of these defects, the C-C bond length between the atoms forming the defect was around 1.44 Å. This is closer to the C-C distance in the perfect nanotube with sp 2 hybridization (1.42 Å). 30 Nevertheless, when oxygen bonds to the C of a defect, the C-C bond length between this C and its three nearest neighbors on the nanotube changes. For the divacancy, the new C-C bond length was 1.52 Å; for the SW defect, it was 1.54 Å. Those distances are similar to the C-C distance in the sp 3 -hybridized diamond phase (1.54 Å). 30 The same changes in the hybridization of sp 2 to sp 3 have been observed previously in the case of functionalization of a perfect carbon nanotube 18 and defective one 13 with a carboxyl group. The changes in the geometry of the SWCNT with vacancies and SW defect affect interactions with H 2 PO 4 .
According to the E b listed in Table VII , we obtained the following stability order: 1V > SW > 2V. A negative E b indicates that the system is thermodynamically favorable.
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Direct Functionalization of Carbon Nanotubes with Phosphate Therefore, the results suggest that the interaction between a (10, 0) SWCNT and H 2 PO 4 could be mainly favored in the presence of a monovacancy. For a SW defect, the E b was lower than the corresponding value previously reported for a carboxyl group. 13 Therefore, functionalization of SWCNTs, including those with a monovacancy or SW defect, with phosphate appears to be a viable process.
As shown in Table VII , the presence of a mono or divacancy defect also decreased the E g of a (10, 0) SWCNT, and the reduction increased when the number of vacancies increased. This behavior has been reported previously for (8, 0) and (14, 0) SWCNTs. 14, 28 Nevertheless, the E g increased under the simultaneous presence of vacancies and H 2 PO 4 . The E g for a (10, 0) SWCNT with a SW defect also decrease compared with that of a perfect SWCNT. This result is consistent with the results reported by Wang et al. 13 for the same type of nanotube. However, interaction with H 2 PO 4 did not alter the E g value. Note: Charge in electrons.
Next, we compared the band structures of these systems. Vacancies and SW defects introduced a defect band above the Fermi level, as shown in Figures 9(a-c) . In the case of a monovancancy, this band is compatible with the dangling bond induced by the vacancy and gives the SWCNT acceptor characteristic, 12, 28 allowing a bond to be established between the carbon atom of the monovacancy and the oxygen of the H 2 PO 4 . The electron pair of the doubly coordinated carbon atom in the monovacancy are located forward. When the H 2 PO 4 enters, one electron of the oxygen is bonded to one of these electrons. The remaining electron is delocalized, and the carbon preserves its sp 2 hybridization. Due to the C-O bond, the original dangling bond in the monovacancy is partially saturated and the defect band shifts down, crossing the Fermi level, as shown in Figure 9 (d).
As discussed above, adsorption of H 2 PO 4 onto SWCNT with a divacancy or SW defect modifies the sp 2 hybridization of the nanotube at the adsorption site. As result, the carbon that bonds to the oxygen becomes fourcoordinated. The sp 3 defect induces a half-occupied Direct Functionalization of Carbon Nanotubes with Phosphate Torres et al. The ELF diagrams shown in Figure 10 reveal a cloud of electrons between carbon of the nanotube and oxygen of the H 2 PO 4 for all three defects. This finding indicates that a covalent bond was established between the two atoms.
The charge values showed in Table VIII also confirm that a charge transfer from C to O atoms occured, and that this transfer was higher for 1V.
CONCLUSIONS
We investigated the functionalization of perfect and defective (10, 0) SWCNTs with phosphate in the form of H 3 PO 4 and H 2 PO 4 . To our knowledge, this is the first study on this topic. Based on our results, we conclude that the interaction between a perfect nanotube and H 3 PO 4 is electrostatic and that the band gap of the pristine SWCNT does not change as a result of this interaction. A covalent interaction occurs with H 2 PO 4 . A bond was observed between oxygen and perfect or defective nanotubes. However, functionalization with phosphate is more energetically viable for a defective nanotube than for a perfect one. Therefore, it is more appropriate to use defective nanotubes, specifically those with monovacancy or SW defects. In the case of monovacancy, the dangling bond around the atomic vacancy, which yields higher reactivity, is used for the adsorption of H 2 PO 4 . Our results demonstrated the presence of a local sp 3 defect on the tube sidewall due to covalent bonding of H 2 PO 4 on a divacancy or SW defect. The C-O bond modified the sp 2 hybridization of the CNT structure at the adsorption site. This modification induced a reduction in the band gap of the SWCNT, but the nanotube preserves its semiconductor behavior. The estimated ELF and Bader analysis helped clarify the interactions between SWCNTs and H 3 PO 4 or H 2 PO 4 . E b values tended to be lower than those previously reported for the carboxyl group, which suggests that CNTs could be functionalized with phosphate. Functionalization could be obtained using a chemical vapor deposition process. Our results also suggest that CNTs could interact with biological components formed by the phosphate group; this is an important finding because it could lead to applications of these nanomaterials in the fields of biology and medicine.
